Introduction
This light source note will describe the power supplies for the injector synchrotron quadrupole and sextupole magnets.
The injector synchrotron has two families of quadrupole magnets. Each family consists of 40 quadrupole magnets connected in series. These magnets are energized by two phase-controlled, 12-pulse power supplies. Therefore, each power supply will be rated to deliver the necessary power to only 40 quadrupole magnets.
The two families of sextupole magnets in the injector synchrotron each consists of 32 sextupole magnets connected in series, powered by a phase-controlled power supply. Thus, each power supply shall be capable of delivering power to only 32 sextupole magnets.
A typical current waveform for the quadrupole and sextupole magnets consists of a reset section, an injection level section, parabolic section, ramp section, and extraction section. The reset, injection, and extraction levels for quadrupole and sextupole magnets are different.
Two different power supply configurations will be discussed and pros and cons of each configuration will be given. The first configuration proposed for the power supplies, consists of four wye group converters. Two of these wye group converters are connected in parallel via interphase transformers to deliver the necessary current, while two of these parallel combinations are connected in series to provide the required voltage. An L-C-R filter is used to eliminate the high frequency content of the output current. A fast voltage loop along with a high-gain slow-response current loop provides the necessary control to regulate the current in the magnet. A low current level, the current ripple is high, thus a large filter is needed, which adds to the cost of the power supply. However at the high current level the ripple is less severe. The large size of the filter can be reduced by adding an anti-parallel thyristor to the output of the converters. This configuration is shown in Figure 1 . When the current is low the thyristor (51) is turned on before injection and kept on until the current reaches the extraction level. At this time the firing pulse of the anti-parallel thyristor is removed and the wye group converters are driven harder to back bias the anti-parallel thyristor, allowing it to be turned off so that the power supply can go into inversion modeo
In the second configuration, two full bridge converters are connected in series to deliver the necessary voltage to the loado A split choke is used to eliminate the 720-Hz ripple contents of the output current An L-C-R filter is used to filter the high frequency harmonics from the output current One fast response voltage loop along with a high gain, slow response current loop is used to regulate the current in the magnet loado This configuration is given in Figure 20 The current in the magnet is monitored by means of a high-precision, low-drift, zero-flux current transductoL The transductor senses the magnet current and then provides the controlling signal for the current loopo A I5-bit Digital to Analog Converter (DAC) is programmed by the control computer for the required waveformo The DAC provides the reference signal for the current regulatoL
In Section 2, the circuit rating of the quadrupole and sextupole power supplies will be giveno
In Section 3 the power supply configuration using the wye group will be discussed and the corresponding parameters for the quadrupole and sextupole power supplies will be calculatedo
In Section 4 the power supplies with full bridge configuration will be studied and the required parameters of the quadrupole and sextupole power supplies will be giveno Finally in Section 5, a conclusion will be drawn based on the calculations presented in Sections 3 and 4 and some recommendations will be madeo Power supplies with the wye group configuration are shown in Figure 1 . Two three-phase transformers are used in the power supply. One transformer has a delta connected primary with two sets of wye connected Secondary windings. However, L1.e other transformer has a wye connected primary with two wye connected secondaries. A delta connected tertiary winding is also provided to eliminate the zero sequence current. Two interphase transformers are used to connect the outputs of the converters in parallel. Figure 1 clearly shows the connection of these interphase transformers. The phasor diagram for voltages at the secondary windings of the transformers is given in Figure 3 . * The efficiency of the transfonner must be higher than 85%, however this value is used to calculate the cooling water requirement.
Interphase Transformers
In order to connect two half-wave converters in parallel, an interphase transfonner is used. The 
Filter Design
The basic ripple frequency of the power supply is 720 Hz. However, due to imbalance in the transformers, ripples with frequencies lower than 720 Hz can appear in the power supply output.
A filter with very low cut-off frequency Cfu'1 eliminate all ripple frequencies. However, such a filter will produce a high cost power supply with a relatively slow time response. Therefore, filters with cut-off frequencies of 51 Hz for quadrupole and 40 Hz for sextupole power supplies are designed to eliminate all ripple frequencies above 60 Hz. The filters for the sextupole power supplies are larger and have lower cut-off frequency because the sextupole magnets have less filtering effect than the quadrupole magnets due to their low inductance. The circuit diagram for such a filter is given in Figure 4 . The filter consists of an inductance, two capacitor banks, and a damping resistor. The transfer function of such a filter is given in the following [2] .
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Figure-4 Low Pass Filter for Quadrupole and Sextupole Power Supplies
The design parameters for filters used in the quadrupole and sextupole power supplies are given below: 4.00E+Ol O 
Controller
In order to regulate the magnet current, a proportional control is usually needed. However, this control scheme always requires a small input signal in order to operate, which results in an offset between the magnet current and the reference. This problem can be somewhat alleviated by increasing the proportional gain of the controller, but high proportional gain may result in an oscillation, which is undesirable. A better approach to the problem of providing a controller with a zero offset is to introduce an integrator to the controller, which will eliminate the offset 
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p=l where V m is the peak voltage value of the ac source, a is the fIring angle of the converter, p is the harmonic order and Wo is the fundamental frequency of the converter.
The input power factor is defined as:
where II is the fundamental rms component of the input current, and <1> is the displacement angle between the fundamental components of the input current and voltage. It must be noted that because the power supply output voltage and current are not fixed, the power factor of the power supply will not be a constant number.
In a three-phase half-wave converter, the average dc output voltage will be reduced due to the voltage drop in the converter transformer. Thus the output dc voltage of the converter is calculated as:
where Ls is the per-phase inductance of the transformer and Id is the dc output current of the power supply.
Power Supply Cooling Water Requirement
One gallon of water per minute can cool 1 kW power dissipation with a 6.8 OF temperature rise.
For solid state devices we design for a 14 OF (7.8 0c) temperature rise. For quadrupole power supplies a 190 A current passes through each SCR at 2.5 V voltage drop, then the total power loss for 28 SCRs will be 13.3 kW. This power loss requires 13.3 x 6.8/14 = 6.46 gal/min cooling water to provide only 14 OF of temperature rise.
For buses and transformers a temperature rise of 30°C (54 OF) is assumed. We assume that no more than 15% of the total power (66.6 kW) is lost through buses and transformers, with 80% of these losses cooled via water and the other 20% of power losses cooled through convection cooling. Therefore, for a 54 OF temperature rise, the amount of cooling water needed is calculated to be: 66.6 x 0.8 x 6.8/54 = 6.7 gal/min. Th1f~~e total amount of cooling water needed for two quadrupole power supplies is 6.7 + 6.4V=13.2 gal/min. For the rating of power supplies 14 gal/min cooling water is specified.
If we use the same method to calculate the cooling water requirement of the sextupole power supplies, the required cooling water will be 3.74 gpm.
Power Supplies with Fun Bridge Configuration
A 12-pulse converter using two 6-pulse full bridge converters, a wye-wye and a delta-wye connected transformer is shown in Figure 2 
where S is rot and the transformer ratio N is indicated in Figure 2 . Therefore the combined current drawn from the line by the 12-pulse converter is given by:
This Fourier analysis shows that the combined line current has harmonics of order h = 12 k ± 1 (where k is an integer)
16 --resulting in a 12-pulse operationo The harmonic current amplitudes in equation (12) for a 12-pulse converter are inversely proportional to their harmonic order and the lowest order harmonics are the eleventh and the thirteentho The currents on the ac side of the two 6-pulse converters add up, confirming that the two converters are effectively in parallel on the ac side.
On the dc side, the voltage wavefonns V dl and V d2 are shifted by 30 degrees with respect to each othero Since the two 6-pulse converters are connected in series on the dc side, the total dc 
where V LL is the line-to-line nns voltage applied to each of the 6-pulse converters, and Ls is the per-phase leakage inductance of each of the transfonners referred to the converter side.
There are two modes of operations for the full bridge converters. These are the rectifier and inverter modes of operations. In the following section these two modes of operations will be briefly discussedo
Rectifier Mode of Operation
The value of the delay firing angle, a, detennines a specific mode of operation of the converters 0 For 0°::::;; a : : : : ; ; 90° the converters operate in the rectifier mode and the converter will have 120° conduction. The real power, P, and reactive power, Q, of the converters in this mode of operation are given in the following equations:
It will be noticed t.~at the power transformer's impedance Lg can reduce the amount of the power to be transferred. The reactive power Q is directly proportional to the dc current Id, thus an increase in the dc current demands more reactive power from the electrical system, which must be provided. In order to deliver such a reactive power an ac capacitor bank is usually installed on the ac side of the converters. This capacitor bank not only provides the necessary reactive power for the converter, it also eliminates the higher harmonic components which are introduced to the ac system by the converter.
Inverter Mode of Operation
In the inverter mode, power transfer is from the dc side to the ac side of the converter. The firing angle must be 90°::; a :::;]80°, The real and reactive powers are given by the equations (16) and (17), respectively.
Components Rating
The transfonner and thyristor ratings are shown in Table 4 . * The efficiency of the transfonner must be higher than 85%, however this value is used to calculate the cooling water requirement.
Comparison of two proposed configurations
Power supply configurations using wye group converters and full bridge converters were analyzed in sections 3 and 4 respectively. The number of 3-phase windings used in the configuration given in Table 2 is 6, while this number for the configuration given in Table 4 is only 4. This reduction in the number of windings contributes to the reduction of the power transfonner size when the full bridge configuration is utilized.
The average current rating of the thyristors used in the configuration presented in Table 2 is 190 A and the peak reverse blocking voltage is 1425 V, while the corresponding values for the configuration presented in Table 4 are 380 A and 715 V, respectively. Thus, the power configuration using full bridge converters requires thyristors with twice the current and half the Therefore, for high-current, low-voltage applications the configurations which utilize the wye group converters are advantageous.
Interlocks
In order to operate the power supplies safely and protect them against faults and overloading, the following interlocks are needed.
1) Faults: Any fault such as line to line, line to ground, and short circuit of the output power will be detected and consequently the power supply will be turned off.
If any of the following take place the power supply will trip off. 
Conclusion
Two different configurations for the synchrotron quadrupole and sextupole power supplies were discussed and the corresponding parameters of these power supplies for both configurations were derived. Certain parts of the power supplies such as the control section, firing circuits, and interlocks can be similar for both configurations, thus these parts were only presented in section 3 of this note. It was concluded that the power supplies using wye group converters are preferable for high-current, low-voltage applications whereas power supplies using full bridge converters are more desirable for high-voltage, low-current applications. Both of the configurations utilize 12-pulse in rectifier and inverter modes. Power supplies using wye group converters are more efficient than those employing full bridge converters. However, the power transformer design and fabrication for the power supplies with full bridge arrangements are somewhat simpler than those utilizing wye group converters. Moreover, the requirement for interphase transformers in the power supplies with wye group converters adds to the complexity of the design and fabrication.
